Abstract Carbohydrate stores may hold the answer to the old question whether treeline trees are carbon limited. However, it is still unknown how sensitively mobile carbon pools reflect the carbon supply status of trees in cold climates. There may be an inherent lower limit to the depletion of these pools, which could restrict their usefulness as indicator values. Here we examined the responsiveness of non-structural carbohydrate (NSC) concentrations in tissues of trees which were either defoliated (removal of sources), debudded (removal of sinks) or pruned (removal of both sources and sinks) in naturally grown Pinus cembra L. at the upper treeline in the Swiss Central Alps. Complete defoliation and pruning of 66% of all branches in late winter caused a massive reduction of NSC (glucose, fructose, sucrose and starch) in all tissues during and after the following growing season, whereas 100% debudding led to a small increase of NSC, except in new buds. The NSC concentration in roots was most sensitive. Commonly, starch represented the greatest fraction of NSC. Complete defoliation before budbreak significantly reduced height growth of trees and the length of new needles; 66% pruning reduced height growth as well, but led to greater length of current-year needles. We conclude that the NSC pool in treeline trees responds to a perturbation of the source/sink balance over a wide range of NSC concentrations. Growth responses reflect the availability of carbohydrates. The seasonal variation of whole tree NSC appears to be a promising marker for testing the carbonlimitation hypothesis in treeline trees.
Introduction
Among other reserves, non-structural carbohydrates (NSC) represent a tree's capital for growth after dormancy and act as a buffer for insufficient source activity (photosynthesis) due to adverse weather or loss of foliage. In trees, non-structural carbon is stored mainly in the form of starch, fructosans, soluble sugars and fat (triacylglycerol; Fischer and Höll 1991) . Starch is the main carbohydrate storage component in conifers (Webb 1981) . The size of this mobile carbon pool may be seen to reflect the balance between uptake and demand of carbon for structural growth and respiration. However, to a certain degree, plants may have a limited leeway to deplete these pools (sugars, for instance, are needed osmotically), and there may be inherent lower limits below which reserves are not exhausted, except under extreme situations. Hence, the size of the mobile carbon pool may not always hold a conclusive answer as to whether a tree's growth is carbon limited.
In the treeline debate, carbon limitation is still a possibility, though perhaps an unlikely explanation of restricted tree growth (Körner 1998 (Körner , 1999 . The mobile carbon pool may hold an important answer, because overabundant reserves would indicate no carbon limitation, and (periodic) depletions of these reserves would suggest insufficient supplies. However, before variations in mobile carbon pools can be interpreted in such a way, one needs to know how sensitive they are to manipulations of the source/sink ratio. To find this out was the purpose of this manipulative study.
The response to a loss of plant tissue will depend on the functional role of the damaged organs (sources or sinks; Haukioja et al. 1990; Honkanen et al. 1994) . The carbon sources for growth are pools of reserve carbohydrates and currently produced photosynthate (Kramer and Kozlowski 1979) , while carbon sinks are respiratory metabolism, storage of carbohydrates, structural growth and export, e.g. root exudation and mycorrhiza (Taiz and Zeiger 1991) . The importance of source-sink relations in carbohydrate translocation has been demonstrated by ex-perimentally altering the relative strengths of sources and sinks (Kramer and Kozlowski 1979) . Removal of sources or potential sinks will cause corresponding changes of photosynthesis (up-or down-regulation) in remaining or newly formed leaves, and in concentrations of mobile carbohydrates, and finally, it will affect growth rate. In general, starch concentrations were found to be reduced after both defoliation and pruning of trees (e.g. Webb and Karchesy 1977; Webb 1981; Långström et al. 1990; Agrell et al. 1999 ), while they remained higher than in controls after debudding (e.g. Gezelius et al. 1981) . A linear, negative correlation between height increment and loss of needles was reported (e.g. Salemaa and Jukola-Sulonen 1990; Carnegie et al. 1994; Reichenbacker et al. 1996) .
The growth responses of low elevation Pinus species to artificial or natural defoliation/debudding/pruning have been studied extensively (e.g. Kulman 1965 Kulman , 1971 Ericsson et al. 1985; Wagner and Evans 1985; Tschaplinski and Blake 1989, 1994; Reich et al. 1993; Honkanen et al. 1994 Honkanen et al. , 1999 Sanchez-Martinez and Wagner 1994; Markkola 1996; Proe et al. 2000) . In Pinus just like in other taxa, defoliation causes a reduction of mobile carbohydrates (e.g. Långström et al. 1990; Vanderklein and Reich 1999) and leads to a reduction in growth (e.g. Kulman 1965; Honkanen et al. 1999) . Debudding, in turn, usually stimulates both shoot expansion and needle growth, with the effect lasting for 2 years after the treatment (for Pinus sylvestris, Honkanen et al. 1994) . However, no such work was conducted at the cold climate limit of tree growth.
With in situ defoliation, pruning and debudding of treeline trees we intend to test the following hypotheses:
1. Complete removal of previous needle generations (all sources) before spring growth will lead to a massive and seasonally sustained depletion of mobile carbon compounds in all tissue. 2. Pruning of two-thirds of all needled branches (sources and sinks removed) will have minor negative effects on the reserve pool. 3. Removal of all buds (the major sinks at the beginning of the growing season) will induce an overabundance of carbohydrates when compared to controls. 4. A depletion of reserve pools should be associated with diminished growth.
Materials and methods

Study sites
The experiments were conducted within the natural climatic treeline ecotone at Mont Since this was a natural treeline situation with scattered groups of trees, it was nearly impossible to find individuals of the same size and age for all treatments. However, we managed to find individuals which were fairly similar in this respect for each treatment type. These were fully insolated, healthy and undamaged specimens. All treatments were initiated on 26 May 2000, i.e. at the end of the dormant season, about 2 weeks before budbreak.
Treatments and sampling
We selected 18 trees, 0.8-3 m in height with 5-15 cm basal stem diameter at the upper end of the treeline ecotone (Kampfzone). Tree age varied between 30 and 80 years. With the substantial natural variation in tree size and the limitation in appropriate individuals, we had to group trees per treatment into classes of similar size, in order to arrive at a coherent sample per treatment.
Six trees <1 m in height were used for the defoliation test, whereas 3 trees were completely defoliated by hand and 3 served as controls. Six trees between 1.5 and 2 m in height were used for the debudding-test (3 trees were completely debudded, including the apical buds and 3 served as controls). In the third group of 6 trees (about 3 m in height), 66% of all needled branches were pruned in 3 individuals (e.g. 2 of 3 branches were removed at regular intervals; Spiecker 1994; Li et al. 2000 Li et al. , 2001a , with the remaining undamaged individuals serving as controls. Given that all 18 trees were isolated and had reached a size large enough to protrude snow cover for most of the 7-month winter period and reach full atmospheric coupling during summer (a very exposed ridge), the treatments should be readily comparable despite the different age and size of the trees. We have evidence from another study (Li et al. 2001b ) that intraspecific variation in NSC of a given tissue type is negligible irrespective of age/size and crown position in this class of trees, with the main variation being temporal.
Sampling
The first set of tissue samples was taken at the time of the treatment (26 May). The second and third sampling dates were on 25-26 July and 27-28 September, i.e. during the peak of shoot growth and at the end of the growing season. Buds (terminal buds of leading branches), 1-(previous year) and 2-year-old needles of leading branches of non-defoliated trees only, current-year needles (at the second and third sampling date additionally), branch wood (5-to 6-year-old xylem segments of leading branches in the lower third of the crown) and corresponding bark (only for defoliation experiment), stem wood (about 40 cm above the ground, using a 5-mm-diameter corer; xylem tissue only), and root wood (4-to 6-mm diameter; xylem tissue only) were collected on the SW side of each tree. All samples were immediately stored in a cool box and killed in a microwave oven (30 s at 600 W) within 7 h of collection. Thereafter, samples were dried to a constant weight at 75-80°C and were ground to fine powder.
Analysis of NSC
Starch, sucrose, glucose and fructose, for simplicity termed total non-structural carbohydrate, NSC, were analyzed using an enzymatic digest technique with subsequent spectrophotometric glucose tests (Körner and Miglieta 1994; Körner et al. 1995) . After boiling samples for 20 min in distilled water, the soluble fraction was treated with invertase and isomerase and analyzed for glucose using a Hexosekinase reaction kit (Sigma Diagnostics, St. Louis, Mo., USA). In a second step, the insoluble material (including starch) was incubated for 20 h at 40°C with the dialyzed crude en-zyme Clarase (a fungal α-amylase from Aspergillus oryzae; Miles Laboratory, Elkhart, Ind., USA). Starch and sugar standards as well as a laboratory standard of plant powder were used as controls for all analyses. Carbohydrates other than starch, sucrose, fructose and glucose are not covered by this assay. From detailed gas chromatographic analysis we know that our analysis misses a small raffinose and stachyose fraction [≤1.3% of dry matter (d.m.)], and a slightly bigger fraction, in essence restricted to needles, of pinitol (≤3.2% of d.m.; hence, we cover 75-95% of the mobile carbohydrate pool in all sampled tissues; G. Hoch, unpublished data). The sugar, starch and NSC concentrations (%) were calculated on a d.m. basis.
Data analysis
Concentrations of NSC and its components were statistically tested per sampling date with a single-factor ANOVA. Since we are interested in the responses at a discrete developmental stage, a time series analysis would not be appropriate. Diagrams show means±SE bars for 3 replicate trees per organ. Except for Table 1 , we present only NSC, which in essence reflects variations in starch, while the sugar concentration hardly differed between treatment and control at each sampling date.
Results
The initial NSC concentration and its components sampled on 26 May (end of the dormant season, just before treatments) did not differ among experimental trees (Fig. 1, and Fig. 1 Seasonal variation of non-structural carbohydrate (NSC) concentration in different tissues of control and treated trees. Data for needles in the upper part and for xylem of branches and roots in the lower part. For the sake of clearness, we omitted data for buds, 1-year-old needles and stem wood, since the seasonal NSC variation in 1-and 2-year-old needles, and in stem and branch xylem was very similar, for both treated and control trees. We also omitted the data for branch wood in the defoliation experiment, since they showed no difference and are similar to those in the debudding experiment. The mean standard error (2 × SE) for each experiment is shown in the upper right-hand corner (small bar). Asterisks indicate significant differences (P<0.05)
Effects of defoliation
Complete defoliation caused a reduction of NSC concentrations in all tree tissues during ( Fig. 1) and at the end (Fig. 2) of the growing season. However, organs responded differently, i.e. the major (highly significant) effects on NSC were found in roots, stem wood and branch bark (Fig. 2) and in newly formed (current) needles, whereas only minor (n.s.) effects occurred in branch wood and buds (Fig. 1) . For instance, at the peak of the growing period, current-year needles were most affected (-53% for sugars, -35% for starch and -41% for NSC, all P<0.01; Table 1 ). After the growing season, there was a significant reduction in sugar (-80%; P<0.05), starch (-71%; P<0.01) and NSC (-72%; P<0.05) concentration in roots, in stem wood (-47% NSC, P<0.01) and a very significant decrease in NSC in branch bark (-47%, P<0.001). Complete defoliation affected the NSC concentration mainly in newly formed needles at the peak of the growing period (Table 1) , and in sinks (branch bark, wood of stems and roots) at the end of the growing season (Fig. 2) .
Tree height increments and new needle growth were significantly reduced after defoliation by the end of the season. Apical growth in defoliated trees was only 22% of that in controls (1.8 instead of 8.2 cm, P<0.001). Current-year needle length of defoliated trees was 1.4 and 3.0 cm on 25 July and 28 September, respectively, whereas it was 3.7 and 6.1 cm in control trees (P<0.001 for both dates). The length increment between these two dates was 1.6 cm (53% of the final length) in treated trees, and 2.4 cm (39% of the final length) in controls.
Effects of debudding
Complete debudding caused no significant changes in NSC concentration in any tissue type after a treatment season, but there was a uniform trend of slightly higher values, except in newly formed buds (Fig. 2) . Seasonal patterns of the NSC response showed an increasing trend from the beginning to the mid-season, and then a decreasing effect until the end of the growing period (Fig. 1) . Although there was a significant increase of starch (+83%, P<0.05) and NSC (+64%, P<0.01) in roots of debudded trees compared with controls in July (Table 1) , this difference had nearly disappeared by the end of the growing season (Fig. 2) .
No measurements of tree growth can be given for this treatment, because 100% debudding prevented the formation of new shoots and needles during the 2000 growing season. Fig. 3 The contribution of different organs to the total NSC pool (100%) of trees. NSC fractions were calculated using biomass fractions measured by Bernoulli and Körner (1999) and Li (1999) on trees of similar size. The NSC fraction of buds was omitted because of their very small biomass fraction. No data for bark biomass fraction were available, hence NSC in bark was disregarded here. Note the dramatic reduction in needle NSC fraction in defoliated trees, which causes the relative contribution of all other fractions to increase
Effects of pruning
Removal of 66% of all needled branches before the onset of the growing season reduced NSC concentration during the season (Fig. 1) , but at the end of the season the effect was significant only for roots (-71% starch, P<0.05, Table 1 ; -55% NSC, P<0.05, Fig. 2 ) and for 2-year-old needles (-10% NSC, P<0.05; Fig. 2 ). NSC concentrations were highest in July and declined as the season progressed (Fig. 1, Table 1) .
Pruning caused the length of current-year needles on remaining branches to increase by +17% (P<0.001), whereas the apical shoot growth tended to decline (-24%, but n.s.).
Discussion
Carbon balance
Removal of sources (100% defoliation) and removal of both sources and sinks (66% pruning of total branches) caused a reduction of NSC concentration in all tissues of treated trees during and after the first growing season compared with that of controls, except for branch wood of pruned trees. In contrast, removal of sinks (100% debudding) caused an overall increase of NSC concentration in all tissues (except in regrowth buds), but this effect was not significant at the 5% level. The NSC concentrations in roots were affected most in all three treatments. Of the three treatments, 100% defoliation had the most pronounced effects on NSC. The massive depletion of NSC pools after defoliation is in line with hypothesis 1. However, given the severity of the manipulation, we were surprised by the amount of storage reserves accumulated by September, after a new needle cohort had been established. After the growing season, defoliated trees showed the strongest NSC reduction in roots (-72%) and the smallest reduction in newly formed needles (-12%). The concurrent growth restriction to only one-fifth of the height growth of control trees indicates a shortage of carbon for structural growth and reserve formation. There are several examples for carbohydrate responses to defoliation in trees. For Pinus sylvestris, Honkanen et al. (1999) reported that defoliation significantly lowered concentrations of fructose (-15%) and glucose (-17%) in new needles. In Pinus resinosa, 50% defoliation was found to significantly reduce starch contents of whole-seedlings by ca. -50% (Vanderklein and Reich 1999). In the Austrian Alps, Bauer et al. (2000) found an up to 40% reduction of NSC concentration in all organs, except for roots in Picea abies by mid-August after a ca. 70% loss of current-year needles due to Chrysomyxa rhododendri infection. Similar responses to defoliation were reported for deciduous trees (e.g. Heichel and Turner 1976; Coffelt et al. 1993) .
Complete debudding caused only a slight increase in NSC (hypothesis 3). Hence, debudding effects were smaller than we expected, suggesting that trees had little leeway toward further NSC accumulation in the absence of new shoot growth. Our data on bud removal effects are in line with those by Gezelius et al. (1981) for Pinus sylvestris seedlings and by Tschaplinski and Blake (1994) for Populus maximowiczii x nigra. In both cases no or only non-significant effects on starch concentration in the stem were detected. In Pinus sylvestris, Honkanen et al. (1999) reported a non-significant increase of fructose and glucose, even a small reduction of sucrose after sink removal. Hence, sink removal seems to have little effect on reserve pools.
Pruning had minor negative effects on the reserve pool in line with hypothesis 2. Other studies also reported a general decline in starch reserves after pruning (e.g. Webb and Karchesy 1977, in Pseudotsuga menziesii; Ericsson et al. 1980 , 1985 . Similarly, Långström et al. (1990) , who pruned Pinus sylvestris corresponding to ca. 20% loss of needles, found less starch (-25%) in 2-year-old needles, both in young (25 years old) and old trees (60 years).
Using data for biomass fractionation (21% for needles, 19% for branches, 47% for wood and 13% for roots) in intact young Pinus cembra from the alpine treeline by Bernoulli and Körner (1999) and Li (1999) , we estimated the relative contribution of different organs to the total NSC pool of trees (Fig. 3) . Needles contain the largest NSC fraction in controls (64% in May and 68% in September). Hence, removing needles not only means removal of C-assimilation capacity, but also elimination of the largest carbon reserve fraction. NSC in roots, which was most sensible to source-sink perturbation, comprises only 9% (in May) and 17% (in September) of the mobile C pool in intact trees due to both the relatively small biomass fraction and low mean NSC concentration. Hence, the variation in root reserves had little effect on the whole tree NSC pool (Fig. 3 ). In contrast, the loss of needles had a massive effect on the whole tree NSC pool because of both their high NSC concentration and biomass contribution.
Growth responses
In line with our hypothesis 4, all three treatments reduced extension growth, a common observation in trees which have lost part or all of their foliage or buds (for Picea abies Salemaa and Jukola-Sulonen 1990; for Eucalyptus sp. Carnegie et al. 1994; for Populus sp. Reichenbacker et al. 1996 ; and for various deciduous tree species, Li et al. 2000) . A ca. 25% reduction of needle length was observed by Honkanen et al. (1999) on defoliated branches of Pinus sylvestris, and a marked reduction of leaf size is known for deciduous trees as well (Heichel and Turner 1976; Faeth 1992) . The increased length of current-year needles in pruned trees may reflect a growth response to the unbalanced source-sink relationship. The reduction in height growth possibly resulted from reduced carbon fixation, and in the case of debudding, the loss of the apical meristem.
Conclusion
This study demonstrated the responses of treeline trees to 100% defoliation, 100% debudding and 66% pruning of branches in Pinus cembra. Overall our data illustrate that mobile carbohydrate pools in treeline trees are similarly responsive to source/sink perturbations, as was observed in lowland trees. The fact that the complete removal of sources had much more pronounced effects than the removal of sinks or both sinks and sources is not surprising. However, it is remarkable that these massive interventions by far did not exhaust reserves, and part of the initial depletion was already replaced by the end of the short and cold growing season at treeline. Since in our case needles represent the largest fraction of the trees' NSC pool and have a life expectancy of 5-7 years, their total removal is unlikely to be tolerated twice, i.e. in the subsequent season. On the other hand, "bud break and sprouting in spring is exclusively supplied by the recent photosynthates of the previous year's needles" (Hansen and Beck 1994, p 172) . Hence, the loss of all old needles enforces early autotrophy of emerging needles, leaving little to export for tree growth, as we have seen. Trees with a full leaf canopy but no shoot buds accumulated very little additional NSC. It almost seems like there was no leeway to accumulate even more reserves than were already present (so hypothesis 3 was disproved, despite a small non-significant stimulation).
The results of this analysis support the usefulness of NSC assessments for identifying potential source limitation in treeline trees. The tree NSC pool is indeed sensitive to such disturbances. However, on the basis of what we have seen here, the probability of whole tree carbon limitation of tree growth near the upper tree limit appears small as long as the leaf canopy is not destroyed. Proe MF, Mead DJ, Byrne D (2000) 
